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ABSTRACT
The current Hubble constant tension is usually presented by comparing constraints on H0 only. However,
the post-recombination background cosmic evolution is determined by two parameters in the standard ΛCDM
model, the Hubble constant (H0) and today’s matter energy fraction (Ωm). If we therefore compare all con-
straints individually in the H0-Ωm plane, (1) various constraints can be treated as independently as possible, (2)
single-sided constraints are easier to consider, (3) compatibility among different constraints can be viewed in a
more robust way, and (4) whether or not a nonstandard model is able to reconcile all constraints in tension can
be seen more effectively. We perform a systematic comparison of independent constraints in the H0-Ωm space
based on a flat ΛCDM model. Constraints along different degeneracy directions consistently overlap in one
region of the space, with the exception of the local measurement from Cepheid variable-calibrated supernovae.
Due to the different responses of individual constraints to a modified model, it is difficult for nonstandard models
with modifications at high-, mid- or low-redshifts to reconcile all constraints if none of them have unaccounted-
for systematic effects. Based on our analysis, the local measurement is the most outlying and therefore drives
the bulk of the tension. This may suggest that the most likely solution to the tension is an alteration to the local
result, either due to some previously unseen feature in our local cosmic environment, or some other unknown
systematic effect.
Keywords: Cosmology, the Hubble constant tension, nonstandard cosmological models
1. INTRODUCTION
Cosmology used to be called “a search for two numbers,”
referring to the Hubble constant and the deceleration parame-
ter (Sandage 1970). While the former describes today’s cos-
mic expansion rate and, when first discovered, caused Ein-
stein to abandon his idea of the cosmological constant Λ,
the latter turned out to be negative and prompted physicists
to bring Λ back. Dubbed (flat) “ΛCDM,” the simplest cos-
mological model fully determines the dynamics of the ho-
mogeneous universe with another combination of two num-
bers, this time pairing the Hubble constant H0 with today’s
matter energy fraction Ωm. Together with its description of
large-scale inhomogeneities, this model has successfully ex-
plained various cosmological and astronomical observations.
Its simplicity and (at least overall) concordance has made it
the standard cosmological model, even while named after its
two most mysterious aspects. The two numbers, H0 and Ωm,
are the focus of this work.
Despite its successes, some tensions have recently been re-
ported between observations based on the standard cosmo-
logical model. Among them, the Hubble constant tension
is one of the most hotly debated: the local determination
of H0 based on Cepheid variable-calibrated Type Ia super-
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novae (SNe) (Riess et al. 2019) is higher than the one in-
ferred from cosmic-microwave-background (CMB) observa-
tions (Planck Collaboration et al. 2018) at a 4.4-σ confidence
level, a discrepancy that has kept increasing with more pre-
cise data from both sides in the past decade. For the time be-
ing, it is unclear whether this tension is caused by some new
physics beyond the standard cosmological model, or some
systematic effects in either or both of the measurements.
Looking for other independent observations is important
and pressing, as this can help us to draw a more robust con-
clusion on the cause of the H0 tension. Unfortunately, most
other constraints on H0 are not currently precise enough to
settle the question, and their model dependences make the
comparison more difficult to interpret. Nonetheless, ΛCDM
can be taken as the default model to which all others can be
compared. And because there are two parameters (H0 and
Ωm) that specify the background evolution in ΛCDM, we
should not compare constraints only on H0. It is more in-
structive to perform a comparison in the H0-Ωm space. The
benefits of this have frequently been overlooked in the lit-
erature. Usually, in order to obtain stronger constraints on
H0, different observations are combined to break degenera-
cies. Doing this not only reduces the number of constraints
to compare, but also causes the joint results to correlate with
each other as certain constraints are frequently used to break
degeneracies (e.g., SNe). The model dependence of a joint
result gets more complicated as well, because a new model
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may change only some constraints in a joint study but not
the others. We will take a different approach and treat con-
straints separately. In the H0-Ωm space, several constraints
are actually not weak compared to the local determination,
because their favored parameter spaces are relatively small.
Considering observations individually can allow us to treat
constraints as independently as possible and to more clearly
see which constraint in the H0-Ωm plane would be altered
in a nonstandard model, providing information on whether a
proposed model can reconcile all constraints. Instead of just
one parameter, a two-parameter comparison provides a fresh
look at the H0 tension and allow us to draw a more robust
conclusion. In addition, general single-sided constraints are
easier to include in the H0-Ωm plane. We will show those
advantages here and investigate the current H0 tension with
a systematic comparison of different constraints. We then
discuss whether any nonstandard models are capable of rec-
onciling all constraints, assuming systematic effects are not
biasing any results.
2. METHODS AND RESULTS
In order to perform a systematic multi-constraint compar-
ison, we have collected a number of independent constraints
in theH0-Ωm space obtained from different observations, as-
suming the standard flat ΛCDM model. We list them below.
• Time-delay strong lensing (TDSL) - the time-delay dis-
tance for strong lensing systems. This is insensitive to the
underlying model (Birrer et al. 2019). The TDSL con-
straint here is obtained by running the jupyter notebook
provided in www.h0licow.org;
• Type-Ia supernovae Pantheon (SN P) - the relative
change of the apparent magnitude of these standard can-
dles as a function of redshift to constrain, e.g., Ωm (Scolnic
et al. 2018);
• γ-ray attenuation (γ-ray) - the optical depth along the
light of sight depends on the cosmic evolution (Domı´nguez
et al. 2019, chains obtained from private conversation);
• Dark Energy Survey Year 1 (DES) - correlations
among galaxies and cosmic shear (3×2 correlation
functions) (Abbott et al. 2018, chains obtained from
https://des.ncsa.illinois.edu);
• Cosmic chronometers (CC) - The differential ages of
passively evolving galaxies at two nearby redshifts di-
rectly measure the cosmic expansion rate at that redshift.
The constraint here is obtained by performing a likelihood
analysis of the data compilation discussed in Moresco &
Marulli (2017);
• BAO at low redshift + BBN (BAO Low) - baryon acous-
tic oscillations at zeff = 0.106 (Beutler et al. 2011), 0.15
(Ross et al. 2015), 0.38, 0.51 and 0.61 (Alam et al. 2017);
• BAO at high redshift + BBN (BAOHigh) - baryon acous-
tic oscillations at zeff = 1.52 (Ata et al. 2018) and 2.35
(Blomqvist et al. 2019, Lyα auto and Lyα×QSO). The two
BAO constraints are obtained by running the correspond-
ing modules in COSMOMC (Lewis & Bridle 2002) with
BBN data (Cooke et al. 2018) constraining Ωbh2;
• WMAP 2013 (WMAP) - 9-year Wilkinson Microwave
Anisotropy Probe CMB data (Hinshaw et al. 2013);
• Planck 2018 (Planck) - full-mission Planck CMB tem-
perature and polarization data (Planck Collaboration et al.
2018). Chains of both WMAP and Planck are obtained
from https://pla.esac.esa.int);
• Cepheid-calibrated SNIa (CV SN) - local determination
of H0 using Type Ia SNe calibrated by Cepheid variables
(Riess et al. 2019);
• Cosmic age - The cosmic time since z = 100 (t100age)
should be larger than some estimated stellar ages (t∗)1.
For example, based on a HST FGS parallax, the age of
HD 140283 is estimated to be t∗ = 14.27 ± 0.8 Gyr
(VandenBerg et al. 2014), though this stellar age was re-
cently re-estimated to be 13.5 ± 0.7 Gyr using the Gaia
DR2 parallax (Jimenez et al. 2019). In addition, Schlauf-
man et al. (2018) estimated J18082002-5104378 A to have
an age of 13.535 ± 0.002 Gyr based on the Dartmouth
isochrone library, though this error is only a statistical er-
ror. To investigate possible systematic effects, Schlaufman
et al. (2018) considered two additional isochrone libraries,
which gave lower estimates. However, they still prefer the
higher estimate, since the Dartmouth library accounts for
the α-enhanced composition and has a better fit to the data
(Schlaufman et al. 2018). More work is needed to arrive
at a robust error estimate. Some Galactic globular clus-
ters also have high estimated ages, e.g., 13.4 ± 1.3 Gyr
for NGC 5466 and 13.4 ± 1.5 Gyr for NGC 2298, NGC
6101 and NGC 6341 (O’Malley et al. 2017, Table 6). To
show how stellar ages put constraints on the H0-Ωm plane,
we plot three guiding allowed regions (orange) in Figure
1 using the estimated age of J18082002-5104378 A (if
confirmed) as well as t100age > 13 Gyr and 12.5 Gyr. Al-
though the uncertainties are large for most of stellar ages
quoted here, their mean values are consistently higher than
t100age ' 12.7 Gyr as suggested by a ΛCDM universe with
H0 ' 74 km/s/Mpc and Ωm ' 0.3.
We present all the above constraints in Figure 1. To check
the consistency of a number of constraints, it is instructive
to consider whether there is some common parameter region
simultaneously overlapped by them. Note that, when com-
pared in the H0-Ωm space, it is not necessary for the obser-
vations to give strong constraints on H0. For example, SN P
is uninformative on H0, and the stellar age constraint is only
single-sided. Observations only have to give some favored
parameter space. Among those constraints, while the local
determination is model independent and the TDSL technique
is insensitive to a cosmological model, other constraints are
model dependent. However, being model independent does
not mean being free from systematic effects, which may af-
1 We conservatively assume no stars could have formed before z = 100.
A larger limiting redshift does not change the bounds significantly. But a
larger confirmed stellar age or a later stellar formation time will tighten the
bounds towards a smaller-H0 or smaller-Ωm direction.
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Figure 1. Different constraints in the H0 and Ωm space based on a flat ΛCDM model. Dark and light contours show the 68% and 95%
confidence regions of each posterior, with the exception of the cosmic-age bounds. (For each of those, parameter space outside the orange
regions is excluded if the Universe is at least the age given in the label.) Most constraints with different degeneracy directions consistently
overlap on the region indicated by the guiding white and dashed circle. Note that the circle does not represent a joint constraint. Such a
common region is however not overlapped by the Cepheid-based local determination of H0 (CV SN).
Contours correspond to SN P (red), DES (light blue), CC (light green), TDSL (blue), BAO Low (navy), BAO High (brown), γ-ray (dark green),
WMAP (magenta), Planck (black), CV SN (yellow) and some guiding cosmic-age constraints (t∗ = 13.535, 13 and 12.5 Gyr; orange). See
the text for descriptions and sources of those constraints. Each constraint in the figure is labeled according to whether they can be changed by
nonstandard high-z models (H), mid-z models (M), low-z models (L), or local environmental factors (E). See the text for the definition of those
model categories. We leave the TDSL technique without a label because it is relatively insensitive to the underlying cosmological model.
fect any result. A multi-constraint comparison puts all con-
straints on similar footing.
We can see in Figure 1 that most constraints overlap at
a common parameter space indicated by the guiding white
and dashed circle. We stress that this circle is a guide, not a
joint constraint. Importantly, the overlapping constraints are
along different degeneracy directions, which more robustly
shows that those constraints are consistent with each other.
This point cannot be seen from a comparison of constraints
on H0 alone. The only constraint that lies outside the white
dotted circle is CV SN, which overlaps with a subset of the
constraints at different parameter regions. Roughly speaking,
it overlaps with BAO Low at Ωm ∼ 0.4; with SN P and
DES at Ωm ∼ 0.3; with BAO High, CC, γ-ray attenuation
and WMAP at Ωm ∼ 0.23. Also, if a cosmic age greater
than 13 Gyr is confirmed, it will put strong constraints on
H0 ∼ 74 km/s/Mpc.
It is useful to find a numerical way to quantify and gen-
eralize the above multi-constraint comparison. To do that
we use the momentum-based multi-dataset Index of Incon-
sistency (IOI) (Lin & Ishak 2017) and the associated “outlier
index” (Oj) (Lin & Ishak 2019),
Oj ≡ 1
2
[
NdIOI− (Nd − 1)IOI(j)
]
, (1)
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Table 1. Multi-dataset IOIs andOj’s for our considered constraints
(not including the cosmic-age bounds). If one constraint has a sig-
nificantly higher Oj than the others, it is considered outlying. The
first row is the analysis of all constraints, while the second and third
are those after removing CV SN and WMAP, respectively. The
last row is the results after replacing CV SN with the TRGB result
(Freedman et al. 2019).
(IOI) &Oj CV SN Planck γ-ray BAO High Others
All (3.33) 7.97 3.72 2.48 1.46 <2.0
CV SN (1.93) N/A 1.44 2.70 1.70 <1.4
WMAP (3.67) 8.17 4.43 2.51 1.49 <1.9
TRGB CV SN (1.81) N/A 1.69 2.66 1.66 <1.5
whereNd is the number of constraints and IOI(j) is the multi-
dataset IOI for the (Nd-1) constraints excluding the jth one.
Given a set of constraints, IOI quantifies their overall incon-
sistency and Oj tells us how incompatible each constraint is
with the others. We show the results in Table 1. If one con-
straint has an Oj that is significantly high compared to the
others’, that constraint is outlying. This is the case for CV
SN, as shown in first row of Table 1. The second row shows
that removing CV SN from the constraint set reduces the IOI
and all Oj’s, indicating that the other constraints are, over-
all, consistent with each other. Note that it is important for
the constraints to be obtained from different types of obser-
vations, to avoid the possibility that some or most of them
suffer from the same type of systematic effects. Planck and
WMAP are both CMB observations, and may have similar
systematic effects. But removing WMAP from the constraint
set and redoing the analysis gives similar results, as shown in
the third row compared to the first. Both the constraint com-
parison shown in Figure 1 and this numerical analysis point
to our conclusion that the local measurement is the strongest
driver of the Hubble tension.
It is worth mentioning that aside from the current H0
tension, the inferred σ8 from Planck is also higher than
most large-scale-structure (LSS) results (Wibking et al. 2019;
Joudaki et al. 2019) [though not all; (Hamana et al. 2019)].
Investigating the σ8 tension is beyond the scope of this work,
but it is possible that the two tensions are somehow related.
Addison et al. (2016) has pointed out that the Planck small-
scale CMB spectrum drives the parameter constraints toward
a lower H0 (below 70 km/s/Mpc), a higher σ8 (above that of
most LSS results), and a higher Ωm than that of the SN P re-
sult – but see (Planck Collaboration et al. 2016) for a discus-
sion arguing that these issues have been addressed. Nonethe-
less, we find that the Planck constraint does not on its own
drive the current H0 tension.
3. NONSTANDARD COSMOLOGY
Our analysis, above, examines the consistency of cur-
rent constraints assuming a flat, ΛCDM model with no new
physics. It is frequently suggested that an alternative cosmo-
logical model may be found that could reconcile all of the
above constraints. A plethora of models have been proposed
in the literature. While a detailed discussion of each model
is beyond our scope here, we provide a general discussion of
how high-z, mid-z, and low-z nonstandard models as well as
local environmental factors can alter constraints. It is impor-
tant to note that any proposed model can usually change only
a subset of constraints. This is another advantage of compar-
ing constraints individually instead of comparing combina-
tions of subsets of them: it is easier to see which constraints
can be changed in a proposed model. In Figure 1, we label
each constraint by “H” (high-z), “M” (mid-z), “L” (low-z)
or “E” (local/ environmental) according to whether it can be
changed by the corresponding models/proposals. (The TDSL
technique is relatively insensitive to the underlying cosmo-
logical model if the redshifts of the systems are not too high,
so we leave it without a label.) We will discuss whether those
models/proposals can reconcile all the constraints in tension.
High-z models (H) here refer to those have some non-
standard physics before or around recombination, but reduce
to a ΛCDM universe thereafter (e.g., by z ∼ 100). Ex-
amples are early-time dark energy (Poulin et al. 2019) and
self-interacting neutrinos (Kreisch et al. 2019). Models of
this category usually inject some extra energy before recom-
bination, making the baryon-photon plasma sound horizon
smaller. To compensate for this change and to match the ob-
served angular size of the sound horizon, the Hubble con-
stant needs to be higher than the CMB-inferred value in the
ΛCDM model. Also, there is a “theoretical correlation” be-
tween the late-time BAO and the CMB observations in the
sense that they both involve the calculation of the baryon-
acoustic-oscillation sound horizon (although at two different
epochs)2. It is therefore also possible for high-z models to
reconcile the late-time BAO constraints with CV SN. How-
ever, since these models reduce to a ΛCDM universe after
recombination, they cannot change the constraints from late-
time observations, especially those from γ-ray, CC, cosmic
age and SN P. There would still be some tension remaining in
the H0-Ωm space for CV SN and those late-time constraints.
For example, the 2-σ contour of the γ-ray constraint does not
overlap with the the region of (H0 ∼ 74 km/s/Mpc, Ωm 0.3).
The CC constraint also to some extent disfavors this region.
In addition, if any star with an age & 13 Gyr is confirmed, it
will disfavor High-z models as solutions to the tension.
Mid-z models (M) refer to those have some non-standard
physics after recombination but before z ∼ 6. An example
is fractional decaying dark matter with a lifetime . 0.5 Gyr
(Vattis et al. 2019). Mid-z models cannot change late-time
constraints like γ-ray and CC. They might be able to change
and loosen the cosmic-age bounds, but this requires the cos-
mic expansion to be slower during the mid-redshift range
(compared to a standard evolution of H) to compensate for
the rising of today’sH0. If this decrease of the earlier cosmic
expansion extended to the very early universe (before recom-
2 This does not mean the two datasets are observationally dependent. We did
not use any prior information from CMB as in the BAO constraints, but
rather used BBN data to constrain Ωbh2.
5bination), it would conflict with the CMB and late-time BAO
observations, as slower cosmic expansion before recombina-
tion makes the sound horizon even larger.
Low-z models (L) refer to those have some non-standard
physics during a redshift range relevant for most of the late-
time observations considered here (i.e. z . 6), but reduce
to a standard cosmological model at higher redshifts. Re-
cent examples are interacting dark energy (Pan et al. 2019), a
rolling scalar field (Agrawal et al. 2019) and nonlocal mod-
ified gravity (Belgacem et al. 2018). Most of the constraints
here would be affected in some way by late-time evolution;
however, it has been argued that late-time models are not able
to reconcile the Hubble constant tension (Aylor et al. 2019;
Evslin et al. 2018). Observations such as BAO and SNIa that
probe the late-time background evolution can further con-
strain Low-z models.
While the above models can alter many of the constraints,
some proposals suggest some local/environmental factors
(z . 0.03) (E) can bias the local determinations. This
would mean the locally measured H0 cannot be interpreted
as the global Hubble constant of the homogeneous universe.
An example is a local underdense region (Lombriser 2019;
Shanks et al. 2019). Recent studies have shown observational
evidence supporting a small-scale local underdense region
(Boehringer et al. 2019; Pustilnik et al. 2019), though it has
been argued that the likelihood for a local void to substan-
tially affect the local measurement may be low (Kenworthy
et al. 2019). These local factors do not pose a problem to
the standard ΛCDM model at large scales, but instead point
to the need for a more detailed description of our local envi-
ronment to account for such a systematic effect that can shift
all local measurements in the same way. If all local mea-
surements produce high values of H0, it would favor such
a local/environmental-factor explanation over systematic ef-
fects that may be unique to each observation.
Comparing different local measurements is therefore im-
portant. The recent TRGB-based (tip of the red giant branch)
local measurement (Freedman et al. 2019), giving H0 =
69.8 ± 1.9 km/s/Mpc, is more consistent with Planck than
with CV SN while still being in some tension with both.
Other authors have revisited this result and found a higher
value, H0 = 72.4 ± 2.0 km/s/Mpc (Yuan et al. 2019). The
recent Mira-based local measurement also gives a relatively
high H0 = 73.3± 3.9 km/s/Mpc (Huang et al. 2019). While
there are conflicts among the distance-ladder based methods,
they overall favor a higher H0. But as they are all based on
Type Ia supernovae (using different calibrations), it is possi-
ble that they could share some common systematic effect(s)
or biases due to some other physical considerations. For in-
stance, Desmond et al. (2019) have proposed that screened
fifth forces may affect the calibration of Type Ia supernovae.
There are local determinations that do not require the dis-
tance ladder or Type Ia supernovae, such as the megamaser
cosmology project (MCP) (Reid et al. 2009) and the standard
siren multimessenger method (The LIGO Scientific Collabo-
ration et al. 2019). The current publicly available joint result
from MCP is 69.3 ± 4.2 km/s/Mpc,3 a relatively weak con-
straint in between the Planck and the CV SN results. The
multimessenger constraint is still too weak to play a signif-
icant role. Note that although the TDSL technique is rela-
tively insensitive to the underlying cosmological model, it is
not a local measurement4. Going forward, we anticipate that
new observables will be key to confirming or ruling out any
possible environmental effects.
4. DISCUSSION
We present these results as an exploration of the range
of possibilities for approaching tensions among these dis-
parate datasets. It should be noted that our numerical anal-
ysis does not include the cosmic-age bounds, since single-
sided constraints cannot be considered in the moment-based
IOI formalism. However, considering these bounds can only
strengthen our conclusion, since they overall put pressure on
the regions where CV SN overlaps with SNIa and DES, as
well as the region where it overlaps with BAO Low. As men-
tioned earlier, the recent TRGB-based determination of H0
is lower than that of CV SN (Freedman et al. 2019). If we
replace CV SN with this result and redo our numerical anal-
ysis, the IOI and all Oj’s are significantly reduced; see the
last row in Table 1. Recently, Ivanov et al. (2019) reanalysed
the galaxy power spectrum (embedding BAO) at zeff = 0.38
and 0.61 using a perturbation theory method that accounts for
non-linear clustering and a range of other effects. Their con-
straint on the H0-Ωm plane also falls into the guiding circle
in Figure 1.
It is also worth pointing out that we do not find the con-
straint obtained from the current publicly available TDSL
data (only four systems) to be an outlier, even though its
mean value of H0 is relatively high. This is mainly because
the uncertainty on H0 of that TDSL constraint is relatively
large, and also because a multi-constraint comparison checks
how compatible each constraint is with all other constraints,
not just with Planck. The most recent joint analysis of six
TDSL systems gives an even higher H0 (Wong et al. 2019).
While this dataset is not yet publicly available, we expect it
will be more outlying compared with other non-local con-
straints. This may to some extent weaken our conclusion,
though some authors have suggested that the H0 measure-
ment using the TDSL technique can be affected due to the
mass-sheet degeneracy and the issue may be more compli-
cated than is assumed (Gomer & Williams 2019). We will
update our analysis when their new data become publicly
available.
A caveat in our investigation is that all observations are
treated upon the same footing in the sense that not any one
of them is considered as more reliable than any other. In
practice, some results may be more or less vulnerable to sys-
tematic effects. In particular, cosmic chronometers and γ-ray
3 See https://safe.nrao.edu/wiki/bin/view/Main/MegamaserCosmologyProject.
4 By local measurements, we refer to methods that are only based on the
Hubble-Lemaıˆtre law and small-z (z . 0.1) observations.
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attenuation put pressure on high- and mid-z models that try
to resolve the H0 tension and thus warrant further study. In
addition, constraining the cosmic age is promising to consti-
tute a strong test to high-z (and likely also mid-z) models.
In fact, any objects or methods that confirm a cosmic age
& 13.5 Gyr since z = 100 (e.g., if the aforementioned esti-
mated age of J18082002-5104378 A, 13.535± 0.002 Gyr, is
confirmed) can rule out all high-z solutions to the current H0
tension.
5. CONCLUSIONS
We have shown that it is very beneficial to compare con-
straints individually in the H0-Ωm space when investigating
the H0 tension. It allows us to more robustly see how dif-
ferent constraints behave in the standard ΛCDM model as
well as to more easily tell whether a nonstandard model can
reconcile all constraints.
We have performed a systematic comparison of various
constraints from different observations in the H0-Ωm space
based on the standard ΛCDM model. Most constraints con-
sistently overlap along different degeneracy directions on
some common region in the H0-Ωm plane centered around
the general vicinity of (68.5,0.3). The fact that the Cepheid-
based local determination of H0 does not overlap with such
a common region suggests that the main driver of the tension
may be supposed to be the local measurement(s). It is diffi-
cult for high-z, mid-z or low-z nonstandard evolution models
to reconcile the constraints of all the considered observations
as they stand. Confirming the results from γ-ray attenua-
tion and cosmic chronometers as well as the lower limit of
cosmic age can rule out high- and mid-z models that try to
resolve the current H0 tension. Thus, the analysis we have
performed here prefers a solution that alters the local deter-
mination, as opposed to a modification of ΛCDM on large
scales. Such a solution needs not be a systematic effect in one
dataset, but could take the form of some previously undis-
covered anomaly in our local cosmic environment, shifting
all local determinations of H0 to higher values.
In the future, there will be more and more independent
methods to constrain the cosmic evolution. For instance, ob-
serving the redshift drift will allow us to directly detect the
real-time cosmic expansion (Loeb 1998). BAO constraints
will be improved from the line-intensity mapping of emis-
sion from star-forming galaxies (Bernal et al. 2019) and the
next-generation galaxy surveys (Bengaly et al. 2019). The
drop-off in the abundance of & 45M black holes can be
used to probe cosmic expansion by making binary black hole
mergers “standardizable” (Farr et al. 2019). Velocity-induced
acoustic oscillations, a standard ruler that can be seen in 21-
cm power spectrum, provide a way to probe the background
evolution at cosmic dawn (Mun˜oz 2019). And standard siren
multimessengers provide another way to measure H0. Com-
paring them all in the H0-Ωm space can help us to more eas-
ily discover the fundamental cause of the Hubble constant
tension.
It is exciting to see whether the current Hubble constant
tension is leading us to another new understanding of the uni-
verse. We hope that this analysis motivates a new way of con-
sidering the various cosmological constraints and a different
perspective on viewing such a tension.
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